Habituation is one of the simplest forms of memory, yet its neurobiological mechanisms remain largely unknown in mammalian systems. This review summarizes recent multidisciplinary analyses of the neurobiology of mammalian odor habituation including in vitro and in vivo synaptic physiology, sensory physiology, behavioral pharmacology and computational modeling approaches. The findings reveal that a metabotropic glutamate receptor mediated depression of afferent synapses to the olfactory cortex is necessary and perhaps sufficient to account for cortical sensory adaptation and short-term behavioral habituation. Further, long-term habituation is an NMDA receptor dependent process within the olfactory bulb. Thus, there is both a pharmacological and anatomical distinction between short-term and long-term memory for habituation. The differential locus of change underlying short-and long-term memory leads to predictable differences in their behavioral characteristics, such as specificity.
Habituation is one of the simplest forms of memory, yet a clear understanding of its neurobiological mechanisms remains elusive. Significant strides have been made in invertebrates, where habituation of sensorimotor reflexes appears mediated by synaptic depression (Castellucci et al. 1970; Kandel 2001) , while the specific mechanisms of the depression may vary depending on the nature of induction and duration of the resulting memory (Bailey and Chen 1988; Ezzeddine and Glanzman 2003) . In mammals, habituation of spinal cord mono-synaptic reflexes may also be mediated by synaptic depression of sensory input (Farel & Thompson, 1976) , though precise mechanisms of the synaptic plasticity are unknown.
Recent work in mammalian olfaction has proven very fruitful in the search for mechanisms of simple habituation memory. The olfactory system is a relatively simple system, highly conserved across vertebrate evolution (Hildebrand and Shepherd 1997) , and has long been implicated as having unique ties to memorial processes. Importantly, odors evoke both autonomic reflexes and behavioral investigation, two behaviors that can be easily quantified to allow correlation between neural mechanism and behavioral outcome.
This review summarizes work over the past ten years in ours and others' laboratories investigating the neurobiology of olfactory habituation. While much remains to be learned, this work is the most complete description of the mechanisms of a simple form of memory in the mammalian brain to date, describing both necessary and sufficient central mechanisms of behavioral response decrement with repeated stimulation.
Although habituation is classically considered a simple form of memory, it may serve as an important building block in more complex forms of cognition and attention (e.g., (Fabiani et al. 2006; Miller et al. 1977; Postle 2005) ). Furthermore, disruptions in habituation and sensory gating are linked to disorders such as schizophrenia (Ludewig et al. 2003) and autism (Frankland et al. 2004; Ornitz et al. 1993) , as well as aging (Fabiani et al. 2006; O'Connor et al. 2008 ) and substance abuse (Hunt and Morasch 2004) . Thus, understanding the mechanisms of this form of memory could have far reaching implications.
Behavioral paradigms
Odor stimuli can elicit a variety of responses, ranging from autonomic reflexes to behavioral arousal and investigation. Two primary behavioral paradigms have been used to study odor habituation in mammals (Fig. 1) . The simplest, both in terms of underlying neural circuitry and interpretation is the odor-evoked heart-rate orienting reflex (Sokolov and Vinogradova 1975) . Novel sensory stimuli evoke a bradycardia reflex, which habituates with repeated stimulation (McDonald et al. 1964) . Odors activate olfactory sensory neurons within the nose, which form glutamatergic synapses on second order neurons called mitral cells. Mitral cells project to the olfactory cortex, a major subdivision of which is called the piriform cortex. Mitral cells are glutamatergic and target pyramidal cells within piriform cortex which express NMDA and non-NMDA receptors, including metabotropic glutamate receptors (Shipley and Ennis 1996) . Presynaptic terminals of mitral cell axons also express metabotropic glutamate receptors (Wada et al. 1998) . Piriform cortical pyramidal neurons project to the basolateral amygdala, which in turn projects to the central amygdala. The central amygdala is a major amygdaloid output nucleus, with projections to hypothalamus and brainstem. Its projection to the brainstem dorsal motor nucleus of the vagus leads to a parasympathetic input to the cardiac pacemaker cells. Thus, novel odor stimulation can produce a polysynaptic heart-rate deceleration reflex.
Figure 1 -behavioral paradigms
The second major behavioral paradigm for investigating odor habituation in mammals is monitoring investigation of scented objects (Cleland et al. 2002; Hunter and Murray 1989 ). An object scented with a novel odor is presented, and the duration of investigation is monitored and compared to investigation time on subsequent presentations of the same scent. Over repeated trials, investigation decreases. There can be multiple motivating factors contributing to, or limiting, scented object investigation, and the circuitry from nose to motor output in this case is phenomenally complex.
Nonetheless, important insights into mechanisms of habituation have been obtained with this paradigm, and mechanisms identified in the reflex paradigm have been crossvalidated in the investigation paradigm.
Both odor-evoked heart-rate orienting reflexes and odor investigation habituate with repeated stimulus presentations and spontaneously recover. Habituation in both paradigms is odor specific. Although not investigated in the heart-rate reflex paradigm, habituation of odor investigation can show both short-and long-term forms, with important behavioral and neurobiological differences as described below. When combined with electrophysiological and pharmacological techniques, these two behavioral assays have provided excellent insight into the mechanisms of odor habituation.
Olfactory sensory neuron adaptation
Although olfactory sensory neurons can adapt to repeated or prolonged odor stimulation (Kurahashi and Menini 1997; Zufall and Leinders-Zufall 2000) , behavioral odor habituation is a central phenomenon. As is the case in other sensory systems, central olfactory neurons show greater response decrement than peripheral receptors, with piriform cortical neurons showing rapid, nearly complete response adaptation within seconds or minutes of stimulation in both rodents (Wilson 1998a ) and humans (Sobel et al. 2000) . In a direct comparison of receptor adaptation and perceptual habituation in humans, Hummel and colleagues showed that changes in the periphery could not account for the magnitude of decrease in perceptual intensity estimates (Hummel et al. 1996) .
Disruption of sensory neuron adaptation in transgenic mice can impair odor perception (Kelliher et al. 2003 ), however, as described below these effects are most likely due to aberrant patterns of central circuit activation rather than a direct effect on habituation per se.
Cortical adaptation and short-term habituation
Simultaneous recordings of second order mitral cells and their target piriform cortical pyramidal cells revealed that the cortical neurons adapt to repeated or prolonged odor stimulation more rapidly and completely than their afferent mitral cells (Wilson 1998a ). Mitral cells do adapt to odors (Gray and Skinner 1988; Scott 1977; Wilson and Sullivan 1992) , however adaptation of their downstream targets is both faster and more complete. The cortical adaptation is odor-specific, showing minimal cross-adaptation between molecularly similar or dissimilar odorants, and even relatively little crossadaptation between a familiar odor mixture and its components (Wilson 2000a; b; 2003) .
In vivo intracellular recordings showed that this cortical adaptation is associated with depression of the glutamatergic mitral-pyramidal cell synapse, and that this synaptic depression recovers with the same time course as the short-term adaptation of odorevoked post-synaptic potentials (Wilson 1998b) . Together, these results strongly argue that depression of mitral cell afferents to the piriform cortex, via a pre-synaptic metabotropic glutamate receptor-mediated mechanism, leads to both short-term cortical odor adaptation and short-term behavioral odor habituation. Metabotropic glutamate receptors have been implicated in synaptic depression in several systems (Bandrowski et al. 2002; Bespalov et al. 2007; Burke and Hablitz 1994; Schoppa and Westbrook 1997; Weber et al. 2002) . However, we believe the observations reported here are the most direct link between these receptors, synaptic depression and short-term behavioral habituation, and provide the most complete mechanistic description of this form of simple memory in the mammalian brain. In addition to short-term habituation described above, extended and/or spaced odor exposure can lead to long-term habituation. In humans exposed daily to odors in the home or workplace, habituation to the exposed odor (elevated detection threshold) can last weeks (Dalton 2000; Dalton and Wysocki 1996) . Similarly in rodents, depending on the parameters of habituation induction, odor habituation can last either a few minutes following rapid, short presentations or more than an hour following spaced, long demonstrate a double-dissociation between short-and long-term habituation, with NMDA receptor antagonists blocking long-term habituation but having no impact on short-term habituation, and metabotropic glutamate receptors blocking short-term habituation but having no effect on long-term habituation. Finally, the NMDA mechanism of long-term habituation appears to be localized within the olfactory bulb, while the metabotropic glutamate receptor mechanism of short-term habituation appears localized within the piriform cortex. (Ennis et al. 1998; Mandairon et al. 2006; Tyler et al. 2007; Wilson 1995) and olfactory memory formation (Kendrick et al. 1992; Lincoln et al. 1988; Mandairon et al. 2006) . Further work will be required to identify the specific process of olfactory bulb NMDA receptor involvement in long-term odor habituation.
The different circuits underlying short-and long-term habituation (Fig. 2) may be expected to affect other characteristics of habituation, such as its specificity. For example, olfactory bulb mitral cells show strong cross-habituation (strong generalization: (Buonviso and Chaput 2000; Buonviso et al. 1998; Wilson 2000a) ), while piriform cortical neurons show little cross-habituation (Wilson 2000a) . In concert with these physiological differences, McNamara et al. (2008) demonstrated behaviorally that cortically mediated short-term habituation of odor investigation is highly odor-specific, while olfactory bulb mediated long-term habituation shows much more stimulus generalization.
Computational modeling
The insights gained into mechanisms of habituation have led to predictions regarding its role in cognitive and perceptual phenomena. The most thoroughly studied to date has been an examination of the role of habituation and cortical adaptation in showed how synaptic adaptation at the olfactory bulb input to the piriform cortex can be sufficient to create odor specific adaptation in olfactory cortex neurons, and that this feature can produce odor background segmentation (Fig. 3) . Further modeling including short-term synaptic potentiation at piriform cortex pyramidal synapses suggests that it is the interaction between synaptic adaptation at afferent synapses and synaptic potentiation at intrinsic synapses that ensure the high odor selectivity observed in electrophysiological (Wilson 2000a; b; 2003) In summary, the olfactory system presents unique opportunities to examine the neurobiology of simple memory. The data described here demonstrate both a pharmacological and anatomical distinction between short-term and long-term memory for habituation. Furthermore, the differential locus of change underlying short-and longterm memory lead to predictable differences in their characteristics, such as specificity.
These findings suggest that habituation in the mammalian brain is a rich, complex, and distributed process -not nearly as simple as generally described. The graph shows the responses to the exposure odorant and several chemically similar odorants as percent response to the best odor during pre-exposure. Note that the response to the exposure odorant is more selectively suppresses when both synaptic adaptation and potentiation are implemented as compared to adaptation alone.
